This article presents the design and simulated performance of a two-dimensional x-ray shearing interferometer wavefront sensor. In particular, this phase sensitive x-ray wavefront sensor is evaluated for its ability to perform metrology on the DT ice layer in an inertial confinement fusion capsule. The interferometer uses crossed phase gratings in a single plane and is capable of operation over a wide range of x-ray energies by varying the grating material and thickness. The wave-front sensor is insensitive to vibrations and, unlike X-RayTalbot interferometers, recovers the full two-dimensional phase profile of the x-ray beam rather than the gradient in only one dimension.
INTRODUCTION
Great strides have been made in the pursuit of fusion energy as a relatively clean and essentially unlimited energy source over the past half century. One of the two approaches to achieving fusion energy, inertial confinement fusion(ICF), uses a large number of lasers to either directly compress a capsule containing Deuterium and Tritium(DT) or to indirectly convert the laser photons into x-rays on the wall of a hohlraum and use these x-rays to compress a capsule filled with DT placed within the hohlraum. The latter indirect drive ICF is currently being pursued by the newly commissioned National Ignition Facility, NIF, which is attempting to achieve scientific breakeven beginning in the summer of 2010. In order for the NIF to achieve ignition the illumination symmetry must be carefully controlled. This illumination symmetry includes the power balance and temporal intensity profile between each of the beam lines as well as their position on the hohlraum walls which must be kept to within ~50 microns RMS of their assigned position. In addition to the power balance and position of each of the laser beams, the fusion capsule itself must meet rigorous requirements in order for a particular ignition shot to be successful. A generic fusion capsule is spherical in shape, ~ 2mm in diameter, and consists of an outer ablator shell of CH and an inner layer of DT ice. The DT ice layer in the fusion capsule contains ice grain boundaries which range between 1 to 10 μm in depth. 1 Based on experimental data it is believed that the maximum grain boundary depth that can be tolerated on a fusion shot is ~5 μm without unacceptably impacting the yield. It is therefore desired to reject all targets which have ice grain boundary depths that exceed this value. A method is therefore needed to measure the phase profile of a given capsule to determine if any of the ice grain boundaries present in the DT layer exceed this depth. There is also a window of time between when a fusion capsule is filled with DT and when the shot is taken which is bracketed by multiples of the DT layering time, 30 min., 2 constant and the time over which too much 3 He is accumulated. Measurements must be taken in situ after the tritium beta decay has had time to produce a roughly uniform layer of DT ice but can't take an excessively long time such that too much 3 He has accumulated which can also prevent a successful ignition shot from occurring.
The subject of this article deals with the metrology of the fusion capsule itself. In particular on a two-dimensional xray wavefront sensor that is capable of measuring the wavefront gradient of these ice grain boundaries, reconstructing the two-dimensional phase and based on the amplitude of that reconstructed phase making a decision as to whether the fusion capsule meets the requirements necessary for the fusion capsule to perform as required for the ignition shot. The design and simulation of the expected performance of a two-dimensional x-ray shearing interferometer wavefront sensor is presented below. The interferometer uses crossed phase gratings in a single plane and is capable of operation over a wide range of x-ray energies by varying the grating material and thickness. 
SETTING UP THE SIMULATIONS

DT Ice Grain Boundaries
The fusion capsules are spherical in shape and consist of an outer ablator shell with an inner layer of DT fuel. The fusion capsules have an overall diameter of approximately 2mm. In the case of an outer CH ablator, the thickness of the ablator shell is approximately 150 μm and the DT layer on the inside of the capsule is approximately 65 microns thick. At x-ray wavelengths the index of refraction is expressed as n = (1-δ)+iβ, where 1-δ gives rise to a phase shift as the x-rays pass through the sample and the β term results in absorption. The length for a π phase shift, x π , is expressed as x π = λ/(2δ) and the absorption length, x μ , is written as x μ = λ/(4πβ). At an x-ray energy of 10 keV, the x rays have a wavelength of λ=1.24x10 -10 m. The phase shift due to the CH ablator, 1.1 g/cm 3 , at this wavelength is x π =λ/(2δ), δ = 2.5x10 -6 , or a π phase shift over a distance of 25 μm and the phase shift due to the DT, 0.101 g/cm 3 , at this wavelength is x π =λ/(2δ), δ = 4.x10 -7 , or a π phase shift over a distance of 150 μm. The CH represents a line-integrated depth of ~300 μm or 38 radians and the DT represents a line-integrated depth of 130 μm or 2.6 radians. The contribution from both sides of the CH ablator and from both DT ice layers yields a combined phase shift of ~40.6 radians. The DT ice layer in the fusion capsule forms grain boundaries which range between 1 to 10 μm in depth. 1 Based on experimental data it is believed that the maximum grain boundary depth that can be tolerated on a fusion shot is ~5 μm without unacceptably impacting the yield. 1 It is therefore desired to reject all targets which have grain boundary depths that exceed this value. A method is therefore needed to measure the phase profile of a given capsule to determine if any of the grain boundaries present in the DT layer exceed this depth. A 5 μm depth at the grain boundary in the DT ice layer would then make a difference in the phase of 5 μm out of the line-integrated DT depth of 130 μm. This is on top of an ~0.5 μm RMS surface roughness for the DT ice layer.
1 That represents only a 3.8% difference in the path length or in the phase shift, 0.098 rad, for the crevice and 0.4% or 0.0098 rad RMS due to the surface roughness. The wavefront sensors therefore must be able to detect the gradients from a phase shift of only ~0.1 radians representing the peak of the ice grain boundary against the background phase which would be approximately 40.6 radians in the center to greater than double that at the edge of the capsule a mm away. 
Simulated Experimental Setup
The experimental measurement setup for the characterization of the fusion capsules consists primarily of a micro-focus x-ray source, the fusion capsule itself, a phase flattener, the wavefront sensor, a filter and the detector as shown in Fig. 2 . The micro-focus x-ray source will be assumed to contain a source size of approximately 5 μm in diameter. Current experimental work with phase contrast imaging uses a micro-focus x-ray source which has a source size of 5 μm in diameter and a tungsten anode operating at 50 kV. 5 The L shell emission is in the 8-11 keV x-ray range. Operating the source at 50 kV will result in significant bremsstrahlung radiation at higher x-ray energies.
6,2 The detector, however, is an x-ray CCD camera which becomes optically thin to the higher energy photons. 5 The lower energy x-rays can be removed and a narrower energy range within the L-shell emission can be selected by filtering with a thin foil such as copper.
A phase flattener is proposed to reduce the low order phase response from the capsule geometry. The phase of the fusion capsule itself will vary from approximately 45 radians in the center to more than double that at the edge of the capsule a mm away. This is not critical as the measurement will primarily concentrate on the central region of the fusion capsule with two additional orthogonal views to provide information on grain boundaries over the entire capsule. With this phase flattener in, however, the difference between the reference spot locations measured before the fusion capsule and flattener are inserted and the spot locations measured after the fusion capsule and flattener are inserted will provide a direct measurement of the rms surface roughness and the depth of the grain boundaries, providing a simple quantitative measure of the depth of the ice grain boundaries without even requiring a phase reconstruction as shown in section 3. The phase flattener would then represent an inverse phase to the fusion capsule and could be placed immediately before or after the fusion capsule. Fig. 2 . Experimental geometry, with a two-dimensional x-ray shearing interferometer, which would be used to measure the fusion capsule phase.
Grating Design at 10 keV for the Two-Dimensional X-Ray Shearing Interferometer
The shearing interferometer uses orthogonal phase gratings which can be designed as either two crossed phase gratings or a single checkerboard pattern as it's two-dimensional wavefront sensor. The phase gratings are designed such that the even orders of the grating are eliminated. In order for the efficiency of the even orders, greater than the m=0 order, of a transmission grating to go to zero at x-ray wavelengths, the width of the slits must be half of the grating pitch. 7, 8 In addition for the efficiency of the m=0 order of the grating to go to zero, there must be negligible absorption and the bar structure of the grating must produce a shift of π radians relative to the slits of the grating. 7, 8 Light elements can easily be made to provide the desired π phase shift and yet not provide any significant absorption of the x rays. As a specific example we take Silicon and go through the design for a 10 keV phase grating. For this example the width of the bar structure in the grating is identical to that of the slits such that all even orders above m=0 go to zero. The Silicon bars are made with a thickness of 12.7 μm such that a π phase shift is achieved for 10 keV x rays and the efficiency of the m=0 order approaches zero. In the case of silicon there is some level of absorption which limits how much of the m=0 order can be removed. The order efficiency as a function of x-ray energy for this grating is then shown in Fig. 3 . At the design energy of 10 keV, the efficiency of the m=0 order approaches zero and the efficiency of the m = +1 order is approximately 40%. The efficiency of the odd orders goes approximately as 1/m 2 with the m=+3 and +5 shown in Fig.  3 . 7, 8 The gratings can be manufactured in a similar manner to x-ray Talbot gratings. 9 These particular gratings have a relaxed aspect ratio relative to the x-ray Talbot gratings, 1.5 vs, >5, and should therefore be simpler and cheaper to manufacture. This thickness provides the required π phase shift at 10 keV such that the zero order of the grating is minimized. 
SIMULATED PERFORMANCE OF THE WAVEFRONT SENSOR
The simulations performed for this article are done so in collimated space in an analogous fashion to previous curvature wavefront sensor simulations. 10, 11 The simulation geometry is shown explicitly in Fig.4 . The far right-hand side shows the geometry of the experiment in which a micro-focus x-ray source would reside in the location of the focus of the lens and illuminate the fusion capsule and x-ray mask with a spherically diverging beam which would then be collected with the x-ray CCD camera. Each of these devices, the x-ray source, the fusion capsule, the x-ray mask and the x-ray CCD camera, has an object plane in collimated space on the left-hand side of the lens as shown in Fig. 4 . Thus the simulation can be performed in collimated space with the appropriate magnification placed on each of the objects. For the simulations, the following assumptions are made; 20 micron pixels on the CCD, 40 micron pitch on the x-ray gratings(in collimated space), fc = 0.1 m, fx = 0.2 m and f = 1.1 m. In an actual experiment the gratings would have a pitch of 17.8 microns in the spherically expanding x-ray beam which would give them a modest aspect ratio, ~ 1.5, in comparison to x-ray Talbot gratings. Given these assumptions, the fusion capsule is magnified a factor of 2 onto the xray mask and a factor of 10 onto the x-ray CCD camera. The capsule is 2 mm in diameter, which would require a CCD with an active area of at least 2 cm. This is consistent with 1024 pixels at 20 microns/pixel. The x-ray CCD will measure the wavefront gradient at a scale of 4 microns on the capsule(40 microns in collimated space). The simulations are performed on one quarter of the fusion capsule, 1 mm x 1 mm, such that across the simulation box there are 512 pixels on the x-ray CCD with each pixel representing an area of 4x4 simulation pixels. Each grating feature, 40 microns, represents an area on the x-ray CCD of 2x2 CCD pixels or a total of 64 simulation pixels. The simulations are performed with both read noise and Poisson noise. For the simulations shown the read noise was assumed to be 20 e-rms and the xrays were assumed to produce 100,000 photons per every four x-ray CCD pixels.
The simulations begin by defining a uniform field at the image plane of the fusion capsule located at the left-hand side of Fig.4 and assuming a point x-ray source. The simulations were performed with 2048 by 2048 simulation pixels covering a range on the camera of ~5 microns per simulation pixel, representing ~0.5 microns/sim.pix. on the fusion capsule itself. One quarter of the fusion capsule sphere was simulated with an initial phase profile of 0.026 rad RMS, ~0.5 μm RMS, placed on the fusion capsule to simulate surface roughness. A Kolmogorov turbulence profile was assumed for the surface roughness of the DT ice layer. In addition to the phase profile representing the surface roughness of the DT ice, six DT ice grain boundaries were placed across the fusion capsule with each one having a width of 50 microns(500 microns in collimated space) but different lengths, depths and angles, as shown in Fig. 6a . In particular a long horizontal and vertical ice grain boundary were introduced which had a 5 micron depth. The phase representing the fusion capsule and phase flattener were then used to construct a new field which was then Fresnel propagated to the twodimensional x-ray transmission grating shown in Fig. 5a . The periodic phase pattern representing the crossed phase grating is then added to the field and the field is propagated to the x-ray CCD camera. When a periodic structure is placed in a beam, images of that structure will appear downstream of the object as discovered by Talbot. 12 More precisely if a phase grating is placed in the beam composed of alternating equal width bars of 0 and π phases, then the field at the location of the phase structure will be reproduced a distance d T = d 2 /2λ downstream of the phase structure. In this expression, d T is the Talbot distance, d represents the pitch of the phase grating and λ is the wavelength of the source. At a distance equal to d T /4 and 3d T /4, the initial phase pattern across the beam has become uniform and the initially uniform intensity has acquired the periodic structure of the initial phase pattern with the pitch of the intensity pattern equal to half that of the original phase grating. At a distance of d T /2, the phase pattern is reversed from the original phase grating and the intensity pattern is uniform such that this particular location can not be used for wavefront sensing. The field at the x-ray CCD camera, assuming an initial point x-ray source, forms an array of spots on the camera. as shown in Fig. 5b . One method to simulate a finite source size is to convolve the spot pattern from the point source with the geometric projection of the source onto the x-ray CCD. The source is magnified by a factor of five onto the CCD relative to the position of the shearing grating. Fig. 5c shows the 25 micron circle that is convolved with the point source spot pattern. Fig. 5d shows the resultant spots on the x-ray CCD after the convolution has been performed. Fig. 5 . Simulating the x-ray shearing interferometer. Fig. 5a represents the phase profile of the two-dimensional grating.
As the x-rays from a point source pass through the grating and travel to the CCD, they form spots on the CCD as shown in Fig. 5b . One method to simulate a finite source size is to convolve the spot pattern from the point source with the geometric projection of the source onto the x-ray CCD. The source is magnified by a factor of five onto the CCD relative to the position of the shearing grating. Fig. 5c shows the 25 micron circle that is convolved with the point source spot pattern. Fig. 5d shows the resultant spots on the x-ray CCD after the convolution has been performed.
The two-dimensional array of spots on the x-ray CCD measures the entire x-ray field. The amplitude of the spots is a measure of the amplitude of the electric field and the displacement of the spots is a measure of the phase of the x-ray electric field at the wave-front sensor. Performing the simulation with and without a fusion capsule/flattener, as would be done for an experimental measurement, allows one to do a simple difference of the two images to see a quantitative measure of the gradients as can be seen in Fig. 6b . A phase reconstruction can be performed by first finding the exact locations of the reference spots and the spots due to the introduction of the fusion capsule/flattener into the system. For these simulations the grating was chosen such that 4 CCD pixels were used to measure each spot and as such a simple center-of-mass centroiding algorithm was used to determine the spot locations. If more CCD pixels are used for each spot them more advanced centroiding algorithms could be employed. 13 Once the locations of each of the spots is determined, then the reference spots are subtracted from the spots due to the introduction of the fusion capsule/flattener into the system to determine the two-dimensional wavefront gradient. Given the two-dimensional wave-front gradients, the two-dimensional phase was reconstructed using a least squares multigrid wavefront reconstructor.
14 The reconstructed wavefront, along with the measured x-ray field amplitude is then back-propagated to the fusion capsule image plane. The resultant phase is then shown in Fig. 7a , which compares favorably with the original phase shown in Fig. 6a . Specifically, Fig. 7b shows lineouts across two of the reconstructed DT ice grain boundaries, averaged along the length of the grain boundary. The dashed black line represents the analytic phase profile applied to the vertical and horizontal ice grain boundaries in Fig. 6a , as labeled in Fig. 7a . The light gray line represents the reconstruction of the long horizontal DT ice grain boundary seen in Fig. 7 a and the dark gray line represents the reconstruction of the vertical DT ice grain boundary seen in Fig. 7 a. Fig. 6 . Phase profiles and CCD difference images resulting from the simulations. Fig. 6a represents the input phase which includes six simulated grain boundaries on top of an 0.0098 rad RMS phase aberration representing the DT ice surface roughness. Fig. 6b shows the difference between the images on the x-ray CCD with no fusion capsule in the metrology setup and with a fusion capsule and phase flattener in the shearing interferometer. Fig. 7 . Reconstructed phase profiles from the simulation. Fig. 7a shows the reconstructed phase resulting from the simulation with noise included in the simulations. Fig. 7b shows lineouts across two of the reconstructed DT ice grain boundaries, averaged along the length of the grain boundary. The dashed black line represents the analytic phase profile applied to the vertical and horizontal grain boundaries in Fig. 6a . The light gray line represents the reconstruction of the long horizontal DT ice grain boundary seen in Fig. 7 a and the dark gray line represents the reconstruction of the vertical DT ice grain boundary seen in Fig. 7 a.
SUMMARY
The performance of a two-dimensional x-ray shearing interferometer was simulated in the context of x-ray metrology on a fusion capsule using a finite source micro-focus x-ray tube. This application takes advantage of the large disparity between the absorption coefficient and the phase shift component of light elements to measure the phase profile of a fusion capsule. The fusion capsule was simulated with six DT ice grain boundaries with the shortest DT ice grain boundary height of 0.015 rad, corresponding to a DT ice layer height of 0.75 microns, and the tallest DT ice grain boundary height of 0.196 rad, corresponding to a DT ice layer height of 10 microns. Two DT ice grain boundaries were simulated with a height of 5 microns or 0.098 radians and the reconstructed wave-fronts of these were compared directly with the analytic ice grain boundary initially imposed on the simulation. The peak height agreed within ~10% and the full-width-at-half-maximum agreed to within ~14% between the analytic phase profile and the two reconstructed phase profiles. This indicates that the two-dimensional shearing interferometer could be used in this application to measure DT ice grain boundaries and determine if their height exceeded the maximum grain boundary depth that can be tolerated on a fusion shot, ~5 μm, without unacceptably impacting the yield.
